Abstract: Fiber-wireless and fiber-invisible laser light communication (IVLLC) convergences that adopt the Mach-Zehnder modulator-optoelectronic oscillator (MZM-OEO)-based broadband light source for microwave (MW)/millimeter-wave (MMW)/baseband (BB) signal transmission are proposed and demonstrated. For downlink transmission, light is optically promoted from 15-and 25-GHz radio-frequency (RF) signals to 10-Gb/s/30-GHz MW, 15-Gb/s/50-GHz MMW, 20-Gb/s/60-GHz MMW, and 25-Gb/s/100-GHz MMW data signals based on fiber-wireless and fiber-IVLLC integrations. Bit error rate (BER) performs efficiently in the 40-km single-mode fiber (SMF) and the 10-m RF/25-m optical wireless transport scenarios. For uplink transmission, downstream light is successfully intensitymodulated with a 25-Gb/s BB data stream based on fiber-IVLLC integration. BER performs efficiently in the 40-km SMF and the 100-m optical wireless transport scenario. Such a hybrid MW/MMW/BB lightwave transmission system is an attractive alternative. It is shown to be a prominent one to present advancements in integrating fiber backbone and radio-frequency (RF)/optical wireless feeder networks.
Introduction
The fast development of optical communications has raised the requirements for high bandwidth and high-speed data access not only for single-mode fiber (SMF)-based optical fiber backbone but also for radio-frequency (RF)/optical wireless-based feeder networks. Through the large bandwidth of optical fiber and the flexibility of RF/optical wireless transmission, fiber-wireless and fiber-invisible laser light communication (IVLLC) convergences have progressed to meet multiple gigabit demands [1] , [2] . Fiber-wireless and fiber-IVLLC convergences can utilize the advantages of both optical and wireless technologies; that is, they can use the naturally enormous bandwidth of optical fiber and the unused bandwidth in microwave (MW) and millimeter-wave (MMW) bands. Fiber-wireless and fiber-IVLLC convergences can cover service areas with faster speed and lower cost by virtue of fiber long-haul and RF/optical wireless short-range technologies.
A bidirectional wireless-over-fiber transport system that adopted an optoelectronic oscillator (OEO)-based broadband light source (BLS) and a phase modulator to deliver downstream 5 Gbps/30 GHz MW and 5 Gbps/60 GHz MMW data signals, as well as an upstream 5 Gbps/15 GHz MW data signal, was demonstrated in a previous study [3] . Moreover, a bidirectional fiber-wireless and fiber-visible laser light communication (VLLC) transmission system that adopted an OEObased BLS and a reflective semiconductor optical amplifier (RSOA) to transmit downstream 10 Gbps/30 GHz MW, 10 Gbps/45 GHz MMW, and 10 Gbps/60 GHz MMW data signals, as well as upstream 5 Gbps data stream, was demonstrated in a former study [4] . However, considerable improvement can still be achieved. Such bidirectional fiber-wireless and fiber-VLLC convergences are not flexible because of the same transmission rate for downstream MW and MMW data signals. Furthermore, given that 60-GHz MMW has a high atmospheric attenuation, fiber-IVLLC convergence is a promising substitute for fiber-wireless integration in a 60-GHz MMW transmission. Accordingly, fiber-IVLLC convergence is an excellent scheme into which fiber backbone and optical wireless feeder networks can be integrated. In addition, BLS based on a Mach-Zehnder modulator (MZM)-OEO can be used as a substitute for OEO-based BLS to overcome the modulation bandwidth limitation caused by the distributed feedback (DFB) laser diode (LD) [5] - [7] . Moreover, for up-link transmission, fiber-VLLC integration can be replaced with fiber-IVLLC convergence. System performance will be significantly improved because modal noise induced by the multimodal vertical-cavity surface-emitting laser (VCSEL) will not exist and the transmission rate limit imposed by the 5.2-GHz VCSEL will be overcome. Consequently, free-space transmission distance and transmission rate can be increased significantly. Furthermore, given that both downstream and upstream signals are delivered by the same SMF, Rayleigh backscattering noise will severely restrict system performance. Rayleigh backscattering noise is generated by the back-reflection of downstream signals and modulated upstream signals of RSOA [8] - [10] . An intensity modulator can be used at the uplink transmission site to substitute for RSOA to reduce Rayleigh backscattering noise.
In this paper, fiber-wireless and fiber-IVLLC convergences based on MZM-OEO-based BLS to transmit downstream 10 Gbps/30 GHz MW, 15 Gbps/50 GHz MMW, 20 Gbps/60 GHz MMW, and 25 Gbps/100 GHz MMW data signals, as well as upstream 25 Gbps baseband (BB) data stream, are proposed and experimentally demonstrated. To be the first one that employs a MZM-OEO-based BLS in such bidirectional fiber-wireless and fiber-IVLLC convergences, downstream light is optically promoted from a 15-GHz RF signal to 10 Gbps/30 GHz MW and 20 Gbps/60 GHz MMW data signals, whereas downstream light is also optically promoted from a 25-GHz RF signal to 15 Gbps/50 GHz and 25 Gbps/100 GHz MMW data signals. Furthermore, downstream light is reused and modulated using an intensity modulator with a 25-Gbps data stream for up-link transmission. The transmission rates of the downstream 30-GHz MW data signal, 50-GHz MMW data signal, 60-GHz MMW data signal, 100-GHz MMW data signal, as well as upstream BB data stream are different between each other. It is flexible and practical for the real implementation of fiber-wireless and fiber-IVLLC convergences. Through a comprehensive investigation of such bidirectional fiber-wireless and fiber-IVLLC convergences, bit error rate (BER) performs efficiently in a 40-km SMF and a 10-m RF/25-m optical/100-m optical wireless transport scenarios. Such fiber-wireless and fiber-IVLLC convergences for MW/MMW/BB signal transmission will be an attractive approach for providing broadband-integrated services, including Internet, telecommunication, and data communication services. This approach can prominently represent advancements in integrating fiber backbone and RF/optical wireless feeder networks.
Experimental Setup
The configuration of the proposed fiber-wireless and fiber-IVLLC convergences based on MZM-OEO-based BLS is presented in Fig. 1 . A BLS modulated with 15-GHz and 25-GHz RF signals is used to create multiple optical sidebands. The optical output of this BLS is split using a 1 Â 2 optical splitter and fed into two optical interleavers (OIL1 and OIL2). OIL1 and OIL2 are deployed at the down-link transmission site to separate the even and odd optical sidebands of the optical signal. OIL1 has an input channel spacing of 15-GHz and an output channel spacing of 30-GHz; OIL2 has an input channel spacing of 25-GHz and an output channel spacing of 50-GHz. For OIL1, the zero optical sideband (central carrier) is utilized for the 25-Gbps BB up-link transmission, the −1 and +1 optical sidebands are utilized for the 30-GHz MW downlink transmission, and the −2 and +2 optical sidebands are utilized for the 60-GHz MMW downlink transmission. For OIL2, the −1 and +1 optical sidebands are utilized for the 50-GHz MMW downlink transmission, and the −2 and +2 optical sidebands are utilized for the 100-GHz MMW downlink transmission.
Following the OIL1 output with odd sidebands, the 15-GHz RF signal is transferred to the 30-GHz MW signal by generating two optical sidebands spaced by 30 GHz (−1 and +1 sidebands) [inset (a) of Fig. 1 ] using an optical band-pass filter (OBPF) with a 3 dB bandwidth of 0.22 nm. These two optical sidebands are intensity-modulated with a 10-Gbps data stream via an intensity modulator to generate a 10 Gbps/30 GHz MW data signal [inset (b) of Fig. 1 ]. Meanwhile, following the OIL1 output with even sidebands, the optical signal is split by a 1 Â 2 optical splitter. One optical signal is selected using an optical circulator (OC) combined with a fiber Following the OIL2 output with odd sidebands, the 25-GHz RF signal is transferred to the 50-GHz MMW signal by generating two optical sidebands spaced by 50 GHz (−1 and +1 sidebands) [inset (f) of Fig. 1 ] using an OBPF with a 3-dB bandwidth of 0.38 nm. These two optical sidebands are intensity-modulated with a 15-Gbps data stream via an intensity modulator to generate a 15 Gbps/50 GHz MMW data signal [inset (g) of Fig. 1 ]. Meanwhile, following the OIL2 output with odd sidebands, the 25-GHz RF signal is transferred to the 100-GHz MMW signal by generating two optical sidebands spaced by 100 GHz (−2 and +2 sidebands) [inset (h) of Fig. 1 ] using an OBPF with a 3-dB bandwidth of 0.78 nm and an OBRF with a 3-dB bandwidth of 0.7 nm. These two optical sidebands are intensity-modulated with a 25-Gbps data stream via an intensity modulator to generate a 25 Gbps/100 GHz MW data signal [inset (i) of Fig. 1 ]. All the optical signals are then combined using a 5 Â 1 optical combiner [inset (j) of Fig. 1 ] and amplified using an erbium-doped fiber amplifier (EDFA). A variable optical attenuator (VOA) is positioned after the EDFA to reduce distortion as the optical power launched into the fiber decreases. OC1 and an OC2 are placed after the VOA to bridge downstream and upstream lightwaves. The optical signal is split by a 1 Â 2 optical splitter over a 40-km SMF transport. One optical signal is split again by a 1 Â 2 optical splitter and then fed into OIL3 and OIL4 to separate the signal into odd and even sidebands. The other optical signal is selected using an OC combined with FBG2 ð c ¼ 1540:16 nmÞ for up-link transmission.
Following the OIL3 output with odd sidebands, the optical signal is passed through an OBPF [inset (k) of Fig. 1 ], detected by a 30-GHz photodiode (PD), amplified by a 30-GHz power amplifier (PA), and wirelessly transmitted by a 30-GHz horn antenna (HA). Over a 10-m RF wireless transport, the 10 Gbps/30 GHz MW data signal is received by a 30-GHz HA, boosted by a 30-GHz low noise amplifier (LNA), and down-converted by an envelope detector (ED) with a frequency range of 0.5-10 GHz. After ED detection, the 10-Gbps data stream is captured by a 10-GHz low-pass filter (LPF) and clock/data recovered via 10 Gbps clock/data recovery (CDR). Eventually, the 10-Gbps data stream is supplied to a BER tester (BERT) to evaluate BER performance. Meanwhile, following the OIL3 output with even sidebands, the optical signal is passed through an OBPF [see inset (l) of Fig. 1 ] and an OBRF [inset (m) of Fig. 1 ], detected by a 60-GHz PD, boosted by a 60-GHz LNA, and down-converted by an ED with a frequency range of 0.5-20 GHz. After ED detection, the 20-Gbps data stream is captured by a 20-GHz LPF and clock/data recovered via 20 Gbps CDR. Eventually, the 20-Gbps data stream is fed into a 25 m/20 Gbps free-space optical (FSO) link. Following the OIL4 output with an odd sideband, the optical signal is passed through an OBPF [see inset (n) of Fig. 1 ], detected by a 50-GHz PD, amplified by a 50-GHz PA, and wirelessly transmitted by a 50-GHz HA. Over a 10-m RF wireless transport, the 15 Gbps/50 GHz MMW data signal is received by a 50-GHz HA, boosted by a 50-GHz LNA, and down-converted by an ED with a frequency range of 0.5-20 GHz. After ED detection, the 15-Gbps data stream is captured by a 15-GHz LPF and clock/data recovered via 15 Gbps CDR. Finally, the 15-Gbps data stream is supplied to a BERT to analyze BER performance. In the meantime, following the OIL4 output with an even sideband, the optical signal is passed through an OBPF [see inset (o) of Fig. 1 ] and an OBRF [see inset (p) of Fig. 1 ], detected by a 100-GHz PD, amplified by a 100-GHz PA, and wirelessly transmitted by a 100-GHz HA. Over a 10-m RF wireless transport, the 25 Gbps/100 GHz MMW data signal is received by a 100-GHz HA, boosted by a 100-GHz LNA, and down-converted by an ED with a frequency range of 0.5-40 GHz. After ED detection, the 25-Gbps data stream is captured by a 25-GHz LPF and clock/ data recovered via 25 Gbps CDR. Finally, the 25-Gbps data stream is fed into a BERT to analyze BER performance.
For uplink transmission, the optical signal (central carrier) captured by FBG2 with a central wavelength of 1540.16 nm [see inset (q) of Fig. 1 ] is reused and modulated by an intensity modulator. The intensity modulator is modulated by a 25-Gbps pseudorandom binary sequence (PRBS) of 2 15 À 1 generated by a PRBS generator. The modulated upstream lightwave is amplified by an EDFA, attenuated by a VOA, and launched into the same 40 km SMF link. Over a 40-km SMF link [see inset (r) of Fig. 1 ], the optical signal is amplified by an EDFA, attenuated by a VOA, and fed into a 100 m/25 Gbps FSO link. In this case, an optical wireless link is used to replace the traditional RF wireless link. Therefore, expensive and sophisticated RF devices are not required in up-link transmission.
Experimental Results and Discussion
As shown in Fig. 2 , the BLS is composed of MZM-OEO and optical signal-to-noise ratio (OSNR) enhancement schemes. The MZM-OEO scheme comprises one DFB LD with a central wavelength of 1540.16 nm, one 40-GHz MZM, one 50:50 optical splitter, one 25-GHz PD, two 25-GHz RF amplifiers, and two separate 15 GHz and 25 GHz RF BPFs. The MZM-OEO scheme is based on converting laser light to RF signals. The oscillation of MZM-OEO starts from transient noise, which is then established and sustained with feedback at the level of the oscillator output signal. The number of optical sidebands depends on the amplitude of the RF signals generated by the MZM-OEO scheme. When a lightwave is modulated by an MZM driven by RF signals, optical sidebands will be generated. The number of optical sidebands that can be generated depends on the amplitude of the driven RF signals on the MZM. To apply this characteristic, we adjust suitable RF signals to drive the MZM, resulting in the appropriate number of optical sidebands. Channel spacing is determined by the central frequency of the RF BPF used in the MZM-OEO scheme. Half of the laser output is used as a BLS, whereas the other half is used for feedback through an optoelectronic feedback loop. The MZM is modulated by 15-GHz and 25-GHz RF signals, by which leading to the generation of multiple optical sidebands with channel spacings of 15 GHz and 25 GHz. By using an OBPF and an OBRF at the down-link transmission site, the multiples of the 15-GHz and 25-GHz RF signals, such as 30-GHz MW, 50-GHz MMW, 60-GHz MMW, and 100-GHz MMW signals, are generated. This configuration is flexible and feasible because multiplexing different RF signals in the electrical domain is unnecessary.
The optical sidebands generated by the MZM-OEO are then launched into the OSNR enhancement scheme to ameliorate OSNR values [11] . The OSNR enhancement scheme comprises one optical splitter, two OCs, two delay interferometers (DIs) with free spectral ranges (FSRs) of 15 GHz and 25 GHz, two RSOAs, and one optical combiner. The optical spectra of the BLS before and after OSNR enhancement are shown in Fig. 3 . When the OSNR enhancement scheme is applied, approximately 7 dB to 10 dB OSNR value enhancement is achieved for the optical sidebands. The OC is used to circuit the optical sidebands into DI, and DI is used as an optical comb filter. Considering the FSR characteristic of DI, we cautiously shift the DI working wavelength range to align with the modulated RF frequency, with each inserted optical carrier located in the pass-band of the DI and the valleys of the carriers located in the stop-band of the DI. Consequently, the noise levels between every two optical sidebands can be attenuated to lower values. Afterward, an RSOA is used to amplify and reflect the optical sidebands; hence, the optical sidebands can be amplified to higher values. Therefore, the OSNR values of the optical sidebands are significantly improved. Fig. 4 shows the configuration of the proposed 25 m/20 Gbps FSO links that use a 1550-nm laser transmitter cascaded with an EDFA and a pair of fiber collimators [12] . The DFB LD is directly modulated by a 20-Gbps data stream generated from the 20-Gbps CDR. Given that the 1550 nm invisible laser light suffers from less atmospheric attenuation than the 680 nm visible laser light, the wavelength of the 1550 nm light is picked in an FSO link. Delivering a laser beam through the free-space between the fiber collimators enables the FSO link to work as if the fibers are seamlessly connected. However, laser beam alignment between the two fiber collimators is critical for the transmission performance of an FSO link. When a laser light misalignment problem occurs in a system, rapid performance degradation follows. By using a 1 Â N optical splitter at the receiving site, collimated laser communication to support broadcasting optical wireless access can be realized. The FSO link has attracted considerable attention as a Fig. 3 . Optical spectra of the BLS before and after the OSNR enhancement scheme.
promising candidate for fiber-IVLLC convergence because of its numerous advantages over 60-GHz MMW fiber-wireless integration. Fig. 5 illustrates the configuration of the proposed 100 m/25 Gbps FSO links which employ doublet lens scheme. Doublet lens1 (AC300-100-C, Thorlabs) has a back focal length (BFL) of 87.8 mm, a diameter of 30 mm, and a focal length (FL) of 100 mm. Doublet lens2 (AC508-100-C, Thorlabs) has a BFL of 83 mm, a diameter of 50.8 mm, and an FL of 100 mm. The numerical aperture (NA) of the SMF is 0.14, and thus, the diameter ðd Þ of the laser beam is d ¼ 2 Â ð100 Â 0:14Þ ¼ 28 ðmmÞ:
Given that the diameter of the laser beam (28 mm) is smaller than the diameter of doublet lens1 (30 mm), doublet lens1 is feasible for an FSO link. This lens has a spatial frequency cutoff (SFC) and a corresponding beam radius ðr Þ, as follows:
The divergence out of the objective lens ðÞ is
Over a 100-m ðLÞ free-space link, spot size ð! o Þ has become 
Given that the spot size (28.9 mm) is smaller than the diameter of doublet lens2 (50.8 mm), doublet lens2 is feasible for a 100-m FSO link. Therefore, a 100 m/25 Gbps FSO link can be implemented by doublet lens scheme. This 100 m/25 Gbps FSO link provides the advantages of long-haul and high-speed. For the RF power of the wireless communications, it is conformed to the Federal Communications Commission (FCC) regulation on safety. FCC permits an effective radiated power (ERP) of up to 500 watts per channel. The risk of injury is very small as RF power of the wireless communication conformed to the FCC regulation is employed because MW and MMW (30-100 GHz) radiations will not penetrate as deeply into the body as ultra-high frequency (UHF) radiation. Therefore, it is safe for body to establish a fiber-wireless convergence as long as the RF power of the wireless communication conformed to the FCC regulation on safety. As to the optical power of the FSO links, it is conformed to the food and drug administration (FDA) Class IIIa mandatory regulation, i.e., the optical power of the invisible laser at the receiving site cannot exceed 5 mW. The risk of injury is very small as optical power of the invisible laser at the receiving site conformed to the FDA Class IIIa regulation is employed because natural motion of a person who might be exposed makes it difficult to expose the eyes for a long period of time. Thereby, it is safe for eyes to establish a fiber-IVLLC convergence as long as the optical power at the receiving site conformed to the FDA Class IIIa regulation.
FSO link utilizes a narrow laser beam to obtain high transmission rate and long transmission distance. However, a very limited operating coverage is provided in FSO link even though it can provide high free-space transmission rate and long free-space transmission distance. It means that as laser beam misalignment problem occurs, a rapid performance degradation happens in FSO link. However, with the rapid progress of FSO link, the increasing requirements raise the needs for high transmission rate and long transmission distance. As to the limited operating coverage problem, the spatial light modulator (SLM) used as a dynamic convex lens can be employed in FSO link to overcome it. The configurations of the FSO links employing the SLM as a dynamic convex lens by electrical controller to increase the free-space transmission distance and extend the coverage area are shown in Figs. 6 and 7, respectively. To employ SLM in FSO link, it cannot only extend the free-space transmission distance but solve the limited operating coverage problem of FSO link as well [13] .
The measured BER curves of the 10 Gbps/30 GHz MW and 15 Gbps/50 GHz MMW data signals for back-to-back (BTB), over 40-km SMF, as well as 10-m RF wireless transport scenarios are presented in Fig. 8(a) and (b) , respectively. At a BER of 10 −9 , power penalties of 4.4 dB and 4.8 dB, respectively, are observed between BTB and 40-km SMF as well as 10-m RF wireless transport scenarios. These power penalties can be attributed to the fiber dispersion over a 40-km SMF transport and fading effect over a 10-m RF wireless transport. Over a 40-km SMF transport, RF power degradation induced by fiber chromatic dispersion degrades BER performance because of the natural characteristic of the two optical sidebands. Over a 10-m RF wireless transport, the fading effect causes the amplitude and phase of the received signal to vary, which degrades BER performance. In addition, the measured BER curves of the 20 Gbps/60 GHz MMW data signal for the BTB, over 40-km SMF, as well as 25-m free-space transport scenarios, are presented in Fig. 8(c) . At a BER of 10 −9 , a power penalty of 5.3 dB is observed between BTB and 40 km SMF as well as 25-m free-space transport scenarios. This 5.3 dB power penalty is attributed to fiber chromatic dispersion after 40-km SMF transport and optical power attenuation resulting from the 25-m free-space transmission. Moreover, the measured BER curves of the 25 Gbps/100 GHz MMW data signal for the BTB and over 40-km SMF, as well as 10-m RF wireless transport scenarios, are shown in Fig. 8(d) . A large power penalty of 6.8 dB is observed between BTB and 40-km SMF, as well as 10-m RF wireless transport scenarios, at a BER of 10 −9 . This large power penalty can be attributed to fiber dispersion and fading effects. In two optical sidebands intensity modulation, a 100-GHz MMW signal fading occurs because of the 40-km fiber dispersion, and thus, power penalty varies considerably.
For uplink transmission, the measured BER curves of the 25-Gbps BB data stream for BTB and over 40-km SMF as well as 100-m free-space transport scenarios are shown in Fig. 9 . At a BER of 10 −9 , a power penalty of 5 dB is observed between BTB and 40-km SMF as well as 100-m free-space transport scenarios. This 5 dB power penalty is attributed to fiber chromatic dispersion after 40-km SMF transport and optical power attenuation resulting from the 100-m free-space transmission. As the free-space transmission distance increases the BER value increases as well. A long free-space transmission distance will result in low received optical power, which leads to poor BER performance.
Conclusion
Fiber-wireless and fiber-IVLLC convergences based on MZM-OEO-based BLS to deliver downstream 10 Gbps/30 GHz MW, 15 Gbps/50 GHz MMW, 20 Gbps/60 GHz MMW, and 25 Gbps/100 GHz MMW data signals, as well as upstream 25 Gbps BB data stream, is proposed and experimentally demonstrated. To our knowledge, this study is the first to use a MZM-OEObased BLS in bidirectional fiber-wireless and fiber-IVLLC convergences. The results of the comprehensive examination indicated that BER performed efficiently over 40-km SMF and 10-m RF/25-m optical/100-m optical wireless transport. The proposed fiber-wireless and fiber-IVLLC convergences will be a highly attractive approach for integrating fiber backbone and RF/optical wireless feeder networks.
